This article summarizes the self-organising behaviour of in vitro microtubule preparations and the manner that it is triggered and affected by weak external factors, in particular, gravity. In these preparations, self-organisation also leads to the development of other, higher level, phenomena such as the collective transport and positioning of any colloidal or sub-cellular particles present. Self-organisation results not from static interactions but occurs by way of the chemical reactions involved in the formation and maintenance of microtubules from tubulin and guanosine triphosphate (GTP). An essential feature of these experiments is that the system is extremely simple; being initially comprised of only two reacting species, purified tubulin and GTP. No other biological agents, such as molecular motors, nucleating centres or associated proteins, are present. Both experiments and numerical simulations indicate that self-organisation arises from the reactive growth and shrinking of microtubules. We postulate that individual microtubules are strongly coupled to their neighbours via the chemical trails they produce by their reactive growing and shrinking and which causes the whole microtubule population to behave as a complex system. Self-organisation and its related phenomena then develop as emergent properties in a manner showing analogies with the way that ant colonies self-organise. The fact that the latter develop highly sophisticated behaviour extending up to what is termed 'swarm intelligence' raises the question as to what extent microtubules are likewise capable of 'swarm intelligence'; and if so, whether similar processes also occur in vivo.
Introduction
Microtubules (Alberts, Bray et al., 2002) are conditions, result in self-organisation (Kolmogorov, Petrovsky et al., 1937; Rashevsky, 1938; Turing, 1952; Glansdorff and Prigogine, 1971; Nicolis and Prigogine, 1977) . Some chemical systems have been established as behaving this way (Bray, 1921; Belousov, 1958; Castets, Dulos et al., 1990) . In addition, it has been predicted that self-organisation can depend on the presence at a critical moment early in the process of weak external fields such as gravity (Kondepudi and Prigogine, 1981) . When self-organisation occurs in this way, it is because the individual molecules (or groups of molecules) in a population, strongly coupled to one another by a mechanism of reaction and diffusion, behave as a complex system (Nicolis and Prigogine, 1977; Coveney and Highfield, 1995 The way we believe this comes about shows many analogies with the way ant colonies self-organise (Tabony, 2006a) .
Knowing that ant, and other social insects, colonies can spontaneously develop very high-level behaviour extending up to what is called 'swarm intelligence' (Bonabeau, Dorigo et al., 1999; Bonabeau and Theraulaz, 2000) , 
Self-Organisation By Chemical Reaction
Under equilibrium conditions, the 2nd law of thermodynamics tells us that over time, order will be progressively and ineluctably lost. Two miscible liquids, initially separated from one another, slowly mix by way of diffusion and convection, and the existing order gradually disappear.
Because of this, for very many years, it was not believed possible that solutions of chemicals could self-organise by reactive processes. Nevertheless, progressively over the last hundred years, often against much opposition, researchers have shown that this is not always the case.
Theoreticians (Kolmogorov, Petrovsky et al., 1937; Rashevsky, 1938; Turing, 1952; Nicolis and Prigogine, 1977) have (Turing, 1952) . Prigogine and co-workers called them 'dissipative'
structures (Nicolis and Prigogine, 1977) because a dissipation of chemical energy is required to drive and maintain the system sufficiently far-from-equilibrium such that self-organisation occurs. It is this flux or dissipation of chemical energy that provides the thermodynamic driving force for self-organisation.
A further aspect of these systems is the manner by which some of them might show bifurcation properties and hence, at a critical moment early in the process, be sensitive to weak external factors (Nicolis and Prigogine, 1989 Furthermore, this factor need only be present at the critical moment when the initial state is unstable. Once the system has bifurcated, it follows the selected pathway and forms the pre-determined state. After the bifurcation has occurred, the critical determining factor may be removed without any further effect on the system and which behaves as though it retained a memory of the conditions prevailing at the bifurcation.
In the early 1980's, Kondepudi and Prigogine (Kondepudi and Prigogine, 1981) (Bray, 1921) and Belousov (Belousov, 1958) was finally accepted as the first example of a Turing-like structure (Castets, Dulos et al., 1990 (Camazine, Deneubourg et al., 2001) . This behaviour, which is not trivial, is the equivalent in computing of resolving the 'travelling salesman' problem Dorigo, Bonabeau et al., 2000) . Algorithms using virtual ants are now used in the internet and telecommunications industry to find the shortest pathway between sites and efficiently route data from one point to another.
Consider a situation where two food sources are close to an ant population; one closer than the other (Camazine, Deneubourg et al., 2001) . As ants return to the nest with food, they leave behind themselves chemical trails. known as stigmergy (Grassé, 1959) , is defined as "the production of certain behaviour in agents as a consequence of the effects produced in the local environment by previous behaviour" (Beckers, Holland et al., 1994) . Based on it, in populations of coupled elements, a hierarchy of collective processes can spontaneously generate advanced behaviour extending up to what is sometimes termed "swarm intelligence" (Bonabeau, Dorigo et al., 1999 (Camazine, Deneubourg et al., 2001) . An even higher level of behaviour, also based on the stigmergy, is the capability of some species of blind ants to form armies that penetrate along a swarm front, and raid and attack other organisms (Camazine, Deneubourg et al., 2001 An unusual and important feature of microtubules is that the reaction dynamics at opposite ends are different.
Due to this, microtubules often grow from one end whilst shrinking from the other.
When the rates of growth and shrinking are comparable, individual microtubules (Tabony and Job, 1990; Tabony, 1994; Tabony, Glade et al., 2002a) . Microtubules were formed by warming a solution containing tubulin (10 mg ml -1 ) from 4°C to 36°C in the presence of excess GTP. The structure is photographed; A) in reflected light; B) through crossed linear polars (0° and 90°); C) through crossed polars (0° and 90°) with a wavelength retardation plate (550 nm) at 45°. The strong optical birefringence shown in B) and C) indicate that the microtubules are highly aligned. (Tabony, Glade et al., 2002a) .
Some of these structures are shown in figure 1 is itself comprised of stripes of smaller periodicity. Photographs A) and B) show one of the individual stripes at higher magnification (Tabony, 1994) . C) is a photograph of a larger scale structure formed in a 15 mm diameter test-tube (Tabony, Glade et al., 2002a) . 
Effects of Gravity

5.2.I. Gravity direction
Striped morphologies occur when the microtubules are prepared in upright sample containers, but a different pattern arises when they are prepared in the same containers lying flat ( Figure 5 ) (Tabony and Job, 1992; Tabony, 1994) .
This observation indicates that gravity intervenes in the self-organising process. gravity determines the morphology that subsequently forms.
Figure 5 (right).
The morphology that forms is dependent on the gravity direction. A different stationary morphology forms when the sample container is positioned horizontal during self-organisation (Tabony and Job, 1992; Tabony, 1994) . For this morphology, the centre of the sample is determined by the centre of the pattern. This illustrates the generation of positional information.
Figure 6. Bifurcation behaviour of self-organised microtubule preparations (Tabony, 1994) . The morphology that forms is determined by the gravity direction at a critical time early in the process. The photographs show the final stationary morphologies for samples rotated from upright to horizontal at different times, t, during the first twenty minutes following microtubule assembly. Samples that remained vertical for 6 minutes or more formed striped structures as though they had remained vertical throughout the entire period of structure formation. out experiments in space. Two quite different ground-based methods which strongly attenuate either, the gravity force, or the effects it causes, are magnetic levitation (Beaugnon and Tournier, 1991) and clinorotation (Briegleb, 1992; Cogoli, 1992) . In magnetic levitation, a high magnetic field gradient interacts with matter to produce a force, repulsive for diamagnetic substances such as water or an organic compound, whose value and direction can be adjusted to counterbalance gravity.
5.2.II. Effect of weightlessness
Because magnetic fields act on diamagnetic matter at a level of the electrons in individual molecules, magnetic levitation causes a substantial reduction in weight. Gravity may act upon matter in several manners. One possible effect is to cause mechanical deformations due to 'weight'. Another is that it will interact with any density differences present in the sample to cause a buoyancy force that may lead to transport in the vertical direction. In principle, magnetic levitation will counterbalance both of these effects.
A different, even simpler method, capable of substantially reducing one of the major effects of gravity, is rotation of the sample about the horizontal axis (clinorotation) (Briegleb, 1992; Cogoli, 1992) . In these experiments, gravity is still present, but clinorotation continually changes the 'direction of fall', so that the net directional transport which gravity causes is cancelled out. In practice, g respectively (Briegleb, 1992) .
We carried out experiments using all three methods and observed a similar behaviour (Papaseit, Pochon et al., 2000; Glade, Beaugnon et al., 2006) . Namely, at a critical period early in the process, (Glade, Beaugnon et al., 2006) . In A) microtubules were assembled in a 4 mm diameter tube rotating (60 rpm) around the horizontal for the first 15 minutes, then photographed 5 hours later. Self-organisation does not occur. This contrasts with the 1g reference sample shown in B) assembled simultaneously at another position on the clinostat, not undergoing rotation, then photographed at the same time as A).
Experiments in Magnetic Fields
Microtubules have a negative diamagnetic susceptibility which is strongly anisotropic. When placed in a magnetic field, they hence experience a Effect of exposure to a 13 T horizontal magnetic field for the first 15 minutes after instigating microtubule assembly, on the final self-organised morphology (Glade and Tabony, 2005) . The sample shown in A) was placed in the magnetic field whereas sample B) was outside of it. Both samples were simultaneously positioned horizontal. For comparison, C) shows a sample prepared outside the magnet in the vertical position.
The determining role of orienting microtubules by way of a magnetic field is illustrated even more clearly by carrying out experiments in a horizontal rather than a vertical magnet (Glade and Tabony, 2005) . In this case, the sample was also placed horizontal. We found that when the microtubules were assembled in the (Glade, Beaugnon et al., 2006) . Microtubules were assembled by warming the sample to 36°C for 3 minutes and then placing it in the super-conducting magnet (also at 36°C) under conditions of magnetic levitation. The sample was removed from the magnet, 12 minutes later and photographed after 5 hours. As shown in A), self-organisation is strongly inhibited. This observation contrasts with the sample shown in B) assembled simultaneously, at another position on the sample holder, under normal 1g gravity conditions outside the magnetic field, and photographed at the same time as A). The morphology that forms depends strongly on sample shape and dimensions.
Self-Organisation in
As might be expected, elongated forms particularly favour self-organisation. (Glade, Demongeot et al., 2004) . The photograph shows the distribution of 1 µm diameter fluorescent polystyrene particles in a self-organised preparation. This pattern coincides with the microtubule pattern. The particle distribution was homogenous prior to self-organisation. Figure 14 . Self-organisation and particle positioning in miniature square-shaped wells. Images were recorded; A) through crossed polars, indicating variations in microtubule orientation; B) from 1 µm diameter fluorescent polystyrene beads present; initially the particles were uniformly distributed (Tabony, Rigotti et al., 2007). This effect is strongly enhanced in miniature containers. For example, in square wells we found when self-organisation was complete that the sample had spontaneously separated into regions of high and low particle density occur (Tabony and Papaseit, 1998; Tabony, Vuillard et al., 2000) .
Microtubules disassemble when the solution is cooled to 4°C. When it is re-warmed to 36°C, then providing it contains sufficient GTP, microtubules reform (and GTP is hydrolysed to GDP).
When we carried out this experiment under self-organising conditions, the striped self-organised structure also reformed (Tabony and Papaseit, 1998; Tabony, Vuillard et al., 2000) . Samples prepared under conditions when there was no significant thermal convection gave the same self-organised patterns as those where the bottom of the sample was 5°C warmer than the top (Tabony and Job, 1992) . Moreover, it is not necessary to form microtubules by warming a pre-mixed solution of cold tubulin and GTP. They may also be formed by mixing together separate pre-warmed solutions of tubulin and GTP.
We found that the self-organised structures which develop are the same as that obtained by warming a cold solution of tubulin and GTP (Tabony, Vuillard et al., 2000) . Hence thermal convection appears to play no significant part in the self-organising process.
An important parameter in any reactive process is the overall reaction rate. This will be strongly dependent upon experimental parameters such as concentration and temperature. We determined the rate of hydrolysis of GTP to GDP in self-organising microtubule preparations (Tabony, 1994; Tabony and Papaseit, 1998; Glade, Demongeot et al., 2004) for different initial tubulin concentrations and at different assembly temperatures using P 31 NMR spectroscopy.
We found (Tabony, 1994) 
Microtubule Assembly Kinetics in
Self-Organising Preparations
Due to their length, microtubules strongly scatter light. Because of this, once assembled from tubulin, the initially The 'overshoot' in the assembly kinetics, where the proportion of microtubules is at a maximum compared with the mass of free tubulin, describes such a chemical instability (Tabony, 1994) . Moreover, it occurs after approximately 6 min; the moment when the system is gravity . An 'overshoot' in microtubule assembly kinetics is associated with self-organisation (Tabony, 1994; Papaseit, Pochon et al., 2000) . The kinetics of microtubule assembly as measured by the optical density at 350 nm for preparations that A), self-organise; B), do not self-organise. The overshoot corresponds to an instability in the chemical composition (relative proportions of microtubules and tubulin) of the sample and coincides approximately with the gravity induced bifurcation time (6 min) in the initially homogenous solution. Preparations that do not show this 'overshoot' do not self-organise. . Proposed mechanism for the formation of the self-organised structure. In A), microtubules have just formed from the tubulin solution: they are still in a growing phase and have an isotropic arrangement. In B), microtubule disassembly has started to occur at the 'overshoot' and produces trails of high tubulin concentration from the shrinking ends. In C), neighbouring microtubules grow preferentially into these trails. The isotropic arrangement shown in B) is unstable. Once some microtubules take up a preferred orientation, then neighbouring microtubules will progressively grow into the same direction. Once started, the process mutually reinforces itself with time and leads to self-organisation. Thus, at the 'overshoot', any small effect that leads to a slight oreintational bias will trigger self-organisation. . Numerical simulations predict microtubule assembly kinetics and self-organisation comparable with experiment (Glade, Demongeot et al., 2002) . The left hand part of the figure compares the kinetics of microtubule assembly as measured experimentally with that calculated by the simulation. The right hand side compares the simulated self-organised structure with the experimentally observed structure over the same distance scale. The colour scale is proportional to microtubule concentration. In certain types of egg, it has long been known that gravity is involved in early development (Morgan, 1904) . For example, in xenopus eggs, gravity is an essential factor in determining the body plan of the organism that develops.
Substantial malformations result when these eggs are rotated through 90° at a critical time early in development, when the so called 'grey crescent' forms (Cook, 1986 ). The 'grey crescent' consists of a macroscopic array of aligned microtubules (Zisckind and Elinson, 1990; Houliston and Elinson, 1991; Houliston, 1994) . (Tabony, 2006a) of microtubule organisation (I) and particle transport (II) during early xenopus embryogenesis (A) with those observed in vitro by the reaction-diffusion process described in the text (B). Both processes are dependent on the gravity direction. A(I) is taken from Houliston and Elinson (Houliston and Elinson, 1991) ; A(II) is taken from Larabell et al (Larabell, Rowning et al., 1996) : by taking the time for the first cleavage as 90 minutes, the scale in A(II) has been changed from the time normalised with respect to the first cleavage to the time in minutes. In B), the initial tubulin concentration was 16 mg ml Figure 20A ) (Calliani, 1989; Papaseit, Vuillard et al., 1999; Tabony, Glade et al., 2002a) . The stripes occur in the central part of the egg only; the end regions are not striped.
As outlined above, one of the factors on which the in vitro self-organised morphology depends is sample geometry.
Since this is a parameter that can be dependence (Lewis, 2002; Hughes-Fulford, 2003) . As mentioned, the early developmental stages of xenopus, zebra fish and chicken embryos show a gravity dependence (Cook, 1986; Zisckind and Elinson, 1990; Wacker, Herrmann et al., 1994) and they are likewise close to spherical. For the drosophila embryo, on the other hand, its elongated shape will probably on its own suffice to trigger The microtubules, as in the case of the in vitro preparations described above, do not self-organise under conditions of weightlessness. Reproduced from Vassy et al (Vassy, Portet et al., 2001) 
Summary and Outlook
The 
